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NANOVECTORS  FOR  TARGETING  AND  DELIVERY  OF  THERAPEUTICS  TO  HER-2 

NEU  POSITIVE  BREAST  CANCER  CELLS 
Serda,  Rita  E 


INTRODUCTION 

While  our  vast  knowledge  of  cellular  biology  and  genetics  gives  us  insight  into  the 
mechanisms  underlying  uncontrolled  cancer  cell  growth,  it  has  yet  to  provide  us  with  the 
key  to  selectively  wipe  out  cancer  cells.  Current  treatment  with  chemotherapeutic  agents, 
administered  either  orally  or  intravenously,  effectively  poisons  cancer  cells,  but  also 
simultaneously  attacks  our  healthy  dividing  cells.  Encapsulation  of  therapeutic  agents  in 
delivery  vectors  reduces  side  effects  and  increases  the  half  life  of  the  drug.  Delivery  vectors 
can  to  engineering  to  specifically  recognize  tumor  associated  vasculature  or  tumorgenic 
breast  epithelial  cells.  Our  approach  is  to  create  multi-stage  delivery  vectors  with  different 
stages  being  capable  of  recognizing  sequential  biological  barriers  as  they  are  unveiled.  For 
example,  tumor  associated  endothelial  cellsexpress  elevated  levels  of  VEGFR-2  receptor 
which  can  be  targeted  with  antibodies  (or  aptamers)  attached  to  the  first  stage  of  the  delivery 
vector.  M  arkers  with  increased  expression  on  the  surface  of  tumor  cells,  such  as  SU  M  225, 
CD44v6,  and  H  E R 2,  serve  as  targets  for  anchoring  secondary  stage  particles,  such  as  iron 
oxide  or  liposomal  nanoparticles.  HER-2  is  a  tumor-associated  antigen  which  is 
overexpressed  in  30%  of  all  human  breast  cancers.  The  use  of  anti-H  E  R2  antibodies  is  a 
well  established  and  FDA  approved  method  for  the  treatment  of  HER2  positive  breast 
cancer.  Herceptin  (trastuzamab,  Genetech,  San  Francisco,  CA)  is  a  recombinant  DNA- 
derived  humanized  monoclonal  antibody  that  selectively  targets  the  extracellular  portion  of 
the  human  epidermal  growth  factor  receptor  2  protein  (H  ER2),  making  this  a  great  marker 
for  targeting  the  tumor. 


BODY 

The  initial  two  aims  Of  the  project  proposed  to  1)  validate  binding  of  anti-  HER2 
/neu  (hereafter  HER2)  antibody  and  antibody  mimic  to  HER2  on  human  MCF-7/COX-2 
breast  cancer  cells,  and  2)  to  conjugate  HER2  antibody  or  antibody  mimic  to  the  surface  of 
iron  oxide  nanoparticles,  as  well  as  load  porous  silicon  particles  with  iron  oxide 
nanoparticles.  M  CF-7  human  breast  cancer  cells  were  phenotyped  by  flow  cytometry  and 
were  found  to  express  low  levels  of  HER2  on  their  surface  (fig.  la),  as  previously  published. 
The  M  CF-7/COX-2  model  was  not  avail  able  for  testing,  therefore  SKBR3  human  breast 
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Fig.  1.  A.  Surface  expression  of  Her-2  neu  on  MCF7  and  SKBR3  human 
breast  cancer  cells  using  FITC  conjugated  antibody  and  flow  cytometry.  B. 
Confocal  micrographs  of  H er-2  neu  antibody  conjugated  iron  oxide 
nanoparticles  binding  to  the  surface  of  M  CF7  breast  cancer  cells. 
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cancer  cells  were  tested  for  HER2  expression.  The  SKBR3  cell  line  was  established  from  a 
pleural  effusion.  SKBR3  cells  have  amplified  HER2,  express  EGFR  and  are  ER -negative. 
As  expected,  HER2  expression  on  the  surface  of  SKBR3  cells  (fig.  1A)  was  strong.  Thus 
we  have  two  in  vitro  models  with  different  degrees  of  H  E  R2  expression  to  quantitate  the 
effect  of  HER2  surface  expression  on  binding  and  uptake  of  antibody  targeted  nanoparticles. 
The  bivalent  cyclic  antibody  mimic  against  Her-2  neu,  (i.e.  a  peptide  derived  from  the 
antigen-binding  site  of  anti-H  er-2  neu  mAb)  was  proposed  as  a  possible  alternative  to  using 
the  Her-2  neu  antibody  as  the  recognition  ligand  conjugated  to  iron  oxide  nanoparticles. 

This  alternative  has  not  been  tested  yet  due  to  the  high  affinity  and  specificity  demonstrated 
by  the  HE R2  antibody. 

The  high  research  use  and  excellent  targeting  capabilities  of  HER2  antibody  for 
nanoparticles  delivery  has  lead  to  commercially  available  HER2  antibody  conjugated  iron 
oxide  nanoparticles.  The  ability  of  these  targeted  nanoparticles 
to  recognize  HE  R2-expressing  cells  was  tested  with  M  CF-7 
cells.  Even  with  the  low  level  of  HER2  expression  on  the 
surface  of  these  cells  there  was  ample  binding  of  the 
nanoparticles  to  the  cells,  as  analyzed  by  fluorescent 
microscopy  (fig.  IB). 

Various  techniques  were  used  to  load  iron  oxide 
nanoparticles  into  porous  silicon  microparticles  (fig.  2), 
including  loading  by  capillary  action,  electrostatic  attraction, 
and  covalent  attachment.  Capillary  action  loading  included  loading  microparticles  overnight 
and  loading  with  a  small  volume  of  concentrated  iron  oxide  nanoparticles.  Figure  3.A. 
shows  a  schematic  of  a  microparticle  and  illustrates  the  angle  of  the  slice  used  to  generate 
the  adjacent  images,  with  the  deeper  cut  on  the  right  side  of  the  particles  providing  an 
internal  view  of  the  pores  in  the  microparticles.  An  electron  micrograph  showing  the  entire 
particle  slice  is  shown  in  Figure  3. B.,  with  a  higher  magnification  image  of  the  pores  shown 
in  F igure  3.C .  While  the  microparticle  shown  in  F i g u res " B "  and  "C"  is  unloaded,  the 
microparticle  in  "D"  is  loaded  with  iron  oxide  nanoparticles  which  can  be  seen  in  the  pores 
(pores  are  30-40  nm  in  diameter,  while  iron  oxide  nanoparticles  are  10  nm). 


Fig.  2.  Schematic  showing 
iron  oxide  nanoparticles  being 
loaded  into  porous  silicon 
microparticles. 


Figure  3.  Loading  iron  oxide  nanoparticles  into  pSi  microparticles  by  capillary  action.  A. 
Schematic  showing  how  the  particles  were  cut  for  analysis.  B-D.  T  ransmission  electron 
micrographs  of  unloaded  (B,C)  and  iron  oxide  loaded  (D)  pSi  microparticles. 


Both 


electrostatic  loading  and  covalent  attachment  of  iron  oxide  nanoparticles  into  pSi 
microparticles  resulted  in  abundant  external  attachment  of  iron  oxide,  however  penetration 
into  the  pores  was  limited  to  the  outer  regions  of  the  pore.  Figure  4A  is  a  scanning  electron 
micrograph  of  a  pSi  microparticle  covalently  loaded  with  iron  oxide  nanoparticles. 
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Fig.  4.  A)  Scanning  electron  microscope  image  of 
a  porous  silicon  microparticle  loaded  with  iron 
oxide  nanoparticles  (Si-IO).  B)  MTT  proliferation 
assay  showing  normal  growth  of  HUVECs  in  the 
presence  of  Si-IO. 


Aim  3  proposed  to  image  physical  interactions  ofpSi  microparticles  to  human 
vascular  endothelial  cells  and  monitor  binding  and  internalization  of  iron  oxide 
nanopartilces  to  human  breast  cancer  cells.  Initial  studies  aimed  at  validating  the 
biocompatibility  of  the  pSi  microparticles  with 
endothelial  cells.  Using  Human  Umbilical  Vein 
Endothelial  Cells  (HUVEC)  as  a  model,  the 
growth  of  endothelial  cells  in  the  presence  of 
microparticle  was  evaluated.  Cells  were  grown 
for  72  hrs  in  either  control  media  or  with 
microparticles  at  a  ratio  of  5  microparticles  to 
every  one  cell.  PSi  microparticles  were  either 
unloaded  or  loaded  with  either  10  nm  iron  oxide 
or  6  nm  gold  nanoparticles  (Fig.  4B).  Cell 
proliferation  was  measured  by  determining 
mitochondrial  enzyme  reduction  of  MTT  (3- 
(4,5-di methylthiazol-2-yl )-2,5-diphenyltetrazol ium  bromide,  atetrazole).  The  presence  of 
microparticles,  either  loaded  or  unloaded  with  secondary  nanoparticles  did  not  affect  cell 
growth.  Other  studies  performed  include  live  cell  imaging  studies  showing  microparticles 
undergoing  mitosis  with  as  many  as  20  microparticles  in  a  single  cell  (not  shown). 

PSi  microparticles  bind  to  the  surface  of  HU  VECs  at4sC  and  are  rapidly  internalized 
at  379C.  The  scanning  electron  micrograph  in  Figure  5.A.  showsacell  that  is  wrapped  in 
pseudopodia  extending  from  the  cell.  Contact  of  the  particle  with  receptors  on  the  cell 
membrane  stimulates  the  cell  to  form  an  actin  cup  (fig.  5.B.)  which  wraps  around  the 
particle,  completely  enclosing  the  particle  in  a  vesicle  known  as  a  phagosome.  Cell  uptake 

of  particles  is  actin 

B .  dependent,  as  conf i  rmed 

by  experiments  in  which 
cytochalasin  B  blocked 
uptake  of  particles  (not 
shown,  however 
included  in  the  enclosed 
manuscript).  This 
supports  a  role  for 
phagocytosis  as  the 
mechanism  by  which 
particles  are  internalized. 

While  pSi 
microparticles  are 
rapidly  internalized  by 
HUVECs  in  serum-free 
media,  they  are 

discriminately  internalized  in  the  presence  of  serum  opsonins.  Opsonization  of  pSi 
microparticles  inhibited  uptake  of  negatively  charged  oxidized  particles,  but  had  no  effect  on 
uptake  on  positively  charged  (A  PTES  modified)  particles  (data  included  in  enclosed 
manuscript).  Opsonins  present  in  the  blood  that  bind  to  negatively  charged  pSi  particles 
block  binding  to  receptors  on  the  surface  of  HUVECs  that  are  needed  for  particle 


Figure  5.  Psuedo-colored  electron  microgarphs  show  pSi  microparticles  being 
engulfed  by  HUVEC  endothelial  cells.  A.  Scanning  electron  micrograph  shows 
pseudopodia  wrapped  around  a  pSi  particle.  B .  T ransmission  electron  micrographs 
show  formation  of  an  actin  cup  during  microparticle  uptake  (images  represents 
cells  that  have  been  incubated  in  media  containing  microparticles  for  30  minutes  at 
37QC): 
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Figure  6.  T ransmission  electron  micrographs  showing  intracellular  location  of 
1.5  pm  (A.)  or  3.0pm  (B)  microparticles  in  H  U  V  E  C  endothelial  cel  Is  after 
120minutes  of  incubation  in  serum-free  media  at  37QC. 


internalization.  We  also  find  that  pure  I gG  binding  to  particles  inhibits  cell  uptake, 
indicating  that  I  gG  binding  from  serum  may  be  a  major  opsonin  responsible  to  decreased 
cell  uptake.  This  is  interesting  as  it  is  the  same  process  that  increases  uptake  of  particles  by 
macrophages.  The  data  makes  sense  with  respect  to  expression  of  Fc  gamma  receptors  on 
the  surface  of  the  two  cell  types.  M  acrophages  express  high  levels  of  these  receptors  while 

expression  is  absent  or 
negligible  on  HUVECs. 

Once  internalized 
the  early  fate  of 
microparticles  is  dictated  by 
their  size.  The  smaller 
microparticles  (1.5  pm)  are 
internal ied  in  vesicles  (fig. 
6.A.),  while  the  larger  (3 
pm)  microparticles  lack  a 
clear  membane  enclosure 
and  appear  to  be  located  in 
the  cytoplasm  (fig.  6.B.).  At  later  time  points  all  the  microparticles  appear  to  be  located  in 
the  cytoplasm  (data  not  shown).  M  ore  studies  are  currently  underway  to  determine  the 
intracellular  location  of  these  particles  and  the  means  by  which  they  escape  the  phagosome. 

Aim  4  proposed  image  in  vivo  trafficking  of  silicon  nanovectors  and  iron  oxide 
nanoparticles  in  a  xenograft  model  of  human  breast  cancer  by  MR  imaging  and  monitor 
cytotoxicity  of  iron  oxide  nanoparticles  due  to  thermal  ablation.  H  uman  breast  cancer 
xenografts  were  established  in  nude  mice  by  injection  of  1  x  105  4T1  human  breast  cancer 
cells  into  the  mammary  fatpad  of  female  5-6  week  old  Crl  Foxnu  nude  mice.  After  2  weeks, 
either  saline,  iron  oxide  nanoparticles  (50  pg), 
or  1  x  108  silicon  microparticles  (1.6  pm), 
loaded  with  iron  oxide  nanoparticles,  were 
intraveneously  administered  via  tail  vein 
injection.  Magnetic  resonance  imaging  was 
carried  out  using  a  7  Telsa  magnetic  resonance 
imager.  Coronal  slices,  shown  in  Figure  7, 
show  accumulation  of  the  contrast  agent  (Fe) 
within  the  tumor  3  hrs  post  injection  for  both 
the  free  iron  oxide  nanoparticles  and  those 
enclosed  in  pSi  microparticles.  Both  iron  and 
silicon  content  in  the  tissues  was  determined 
using  inductively  coupled  plasma  mass 
spectroscopy  (data  not  shown). 

After  imaging,  blood  was  collected 
from  the  mice  and  mononuclear  cells  were  isolated  using  Ficoll-paque™  density 
centrifugation.  The  scanning  electron  micrograph  in  Figure  8A  contains  4  macrophages  and 
a  smaller  lymphocyte.  The  pseudo-colored  image  on  the  right  (Fig.  4B)  displays  a 
macrophage  whose  shape  suggests  internalization  of  one  or  more  silicon  microparticles. 
Figure  8C  is  a  high  magnification  micrograph  of  a  macrophage. 


Fig.  7.  M  Rl  coronal  slices  of  a  human  breast  tumor 
developed  in  a  mouse  mammary  fat  pad  (3  hr  post 
injection  of  either  saline  (A),  iron  oxide 
nanoparticles  (B),  or  porous  silicon  microparticles 
loaded  with  iron  oxide  nanoparticles  (C).  T umors  are 
circled  and  location  of  contrast  argent  is  marked  by 
arrows. 
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A  Win  vivo  experiments  performed  to  date  have  been  with  non-targeted  particles. 
Future  experiments  will  focus  on  sequential  in  vivo  targeting  of  tumor-associated 
endothelium  by  first-stage  si  I  icon  microparticles,  followed  by  tumor  specific  targeting  with 
second-stage  iron  oxide  nanoparticles.  As  stated  previously,  HER2-conjugated  iron  oxide 
nanoparticles  and  V  EG FR-2  antibody  (oraptamer)  conjugated  particles  pSi  microparticles 
will  be  used  for  multistage  targeting,  endothelial  cells  will  be  explored  by  in  vitro  and  in 
vivo  techniques. 


KEY  RESEARCH  ACCOMPLISHMENTS 

•  Characterization  of  HER2  expression  on  breast  cancer  cel  I  lines  and  acquisition  of  HER2 
antibody  conjugated  iron  oxide  nanoparticles 

•  Confirmation  of  binding  of  HER2  antibody  conjugated  nanoparticles  to  M  CF-7  breast  cancer 
cells  in  culture  by  fluorescent  microscopy 

•  Loading  of  porous  silicon  (pSi)  microparticles  with  iron  oxide  nanoparticles  (multistage 
delivery  system) 

•  Demonstrated  biocompatibility  of  multistage  delivery  system  with  endothelial  cells  (MTT 
assay) 

•  Demonstrated  endothelial  cell  internalization  of  pSi  microparticles  by  transmission  and 
scanning  electron  microscopy  and  established  mechanism  of  uptake  to  be  phagocytosis 

•  Determined  the  effect  of  pSi  microparticle  size  and  charge  on  uptake  by  endothelial  cells 

•  Determined  the  effect  or  serum  and  IgG  on  uptake  of  microparticles  by  endothelial  cells 

•  Performed  initial  in  vivo  animal  experiments  with  the  non-targeted  multistage  delivery 
system  with  visualization  of  biodistribution  by  magnetic  resonance  imaging 
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ABSTRACT 


Chronic  inflammation  is  associated  with  many  pathological  lesions,  including  cancer  and 
atherosclerosis.  Inflammatory  cytokines  stimulate  the  expression  of  adhesion  molecules  and  cell  surface 
receptors  on  endothelial  cells  and  drug  delivery  vehicles  can  be  microengineered  to  target  those 
receptors.  Here  we  show  that  nanoporous  silicon  delivery  vehicles  are  phagocytosed  by  both  endothelial 
cells  and  macrophages.  Under  serum-free  conditions  microparticles  are  internalized  nondiscriminately, 
however,  in  the  presence  of  serum,  uptake  is  dependent  upon  expression  of  opsonin  receptors,  which 
varies  by  cell  population.  Opsonized  amine  modified  silicon  microparticles  were  rapidly  internalized  by 
endothelial  cells;  and  this  uptake  was  enhanced  following  cytokine  stimulation.  On  the  other  hand, 
serum  opsonization  inhibited  endothelial  uptake  of  oxidized  microparticles  by  78%.  This  blocking 
action  was  greater  than  the  shielding  effect  provided  by  a  surface  layer  of  poly  (ethylene  glycol). 
Conversely,  macrophages  displayed  a  preference  for  internalization  of  opsonized  oxidized 
microparticles.  This  cell  type  dependent  preference  was  also  seen  for  the  internalization  of  oxidized 
microparticles  opsonized  with  pure  IgG.  IgG  opsonization  increased  internalization  of  oxidized 
microparticles  by  macrophages  by  35-47%,  while  inhibiting  uptake  by  endothelial  cells  by  76-88%. 
Therefore,  rather  than  using  polymers  to  block  opsonization,  microparticles  can  be  surface  engineered  to 
direct  opsonization  that  favors  uptake  by  target  populations. 


INTRODUCTION 

Acute  inflammation  promotes  healing  by  fighting  infections  and  injury;  however,  chronic 
inflammation  can  be  detrimental.  In  addition  to  pathologies  including  atherosclerosis  and  vasculitis, 
chronic  inflammation  contributes  to  tumor  initiation,  progression  and  development  of  metastases  (1). 
During  inflammation,  immune  cells  secrete  cytokines  which  increase  expression  of  adhesion  molecules 
on  vascular  endothelial  cells  and  attract  leukocytes  (2-4).  Cytokines  such  as  TNF-a  also  stimulate 
expression  of  COX-2  by  tumor  cells  which  produces  pro-inflammatory  lipids  and  supports  angiogenic 
growth,  further  exacerbating  tumor  growth  (5;6). 

Nano-  and  micro-sized  delivery  systems  are  emerging  as  powerful  tools  for  the  systemic  delivery 
of  therapeutic  molecules  and  imaging  agents  for  different  biomedical  applications,  from  cancer  (7;8)  to 
cardiovascular  diseases  (9).  Following  intravenous  injection,  these  particles  are  transported  by  the  blood 
stream  into  different  vascular  districts.  Targeting  diseased  vasculature  is  a  strategy  already  demonstrated 
to  be  effective  for  the  detection  of  atherosclerotic  plaque  and  cardiovascular  alterations  (10;1 1),  and  it  is 
becoming  more  prominent  in  cancer  applications  (12;13).  Typically,  delivery  vectors  are  conjugated 
with  ligand  molecules  that  specifically  recognize  and  interact  with  receptors  uniquely  or  over-expressed 
at  the  vascular  targeting  site.  Targeting  ligands  include  peptides  identified  from  phage-displayed 
libraries  (14),  thioaptamers  (15),  and  antibodies.  A  downside  of  this  strategy  is  that  ligand  molecules, 
such  as  antibodies,  are  generally  immunogenic,  leading  to  prompt  recognition  of  the  particles  by 
professional  phagocytes.  Attempts  at  bypassing  phagocytic  uptake  by  shielding  with  polymers,  such  as 
poly  (ethylene  glycol),  successfully  prolongs  circulation  time,  but  limits  attachment  of  targeting  ligands 
to  the  particle  (16). 

While  it  is  well  established  that  professional  phagocytes  play  a  role  in  macromolecular  uptake 
(17),  it  is  also  recognized  that  vascular  endothelial  cells  can  ingest  micron-sized  particulates  by 
phagocytosis  (18;19).  Signals  for  phagocytosis  include  surface  antigens  and  serum  components 
(opsonins)  which  cover  the  particulate’s  surface.  Receptors  for  opsonins  include  Fc  receptors  (FcR), 
complement  receptors,  adhesion  molecules,  and  scavenger  receptors.  Due  to  selective  expression  of 
surface  receptors  on  different  cell  populations,  opsonins  differ  for  each  population  of  phagocytic  cells 
(20). 

We  have  recently  developed  a  silicon-based  microparticle  with  a  nanoporous  structure  (8).  These 
microparticles  are  characterized  by  a  quasi-hemispherical  shape  which  enhances  lateral  migration  of  the 
microparticles  (21),  thus  increasing  the  likelihood  of  vascular  recognition  (21).  In  this  work,  we 
demonstrate  that  surface  properties  of  nanoporous  silicon  microparticles  can  be  engineered  to  favor 
opsonization  with  serum  components  that  enhance  interaction  of  microparticles  with  inflamed 
endothelium  while  delaying  uptake  by  macrophages.  Directed  uptake  of  microparticles  by  serum 
opsonization  bypasses  the  need  for  PEGylation,  which  favors  prolonged  circulation  time  but  interferes 
with  attachment  of  targeting  ligands  and  subsequent  interaction  of  these  ligands  with  cell  surface 
receptors  (16). 

METHODS 

Silicon  Particle  Fabrication.  Nanoporous  hemispherical  silicon  microparticles  were  designed, 
engineered,  and  fabricated  in  the  Microelectronics  Research  Center  at  The  University  of  Texas  at 
Austin.  Two  sizes  of  microparticles  were  generated,  with  mean  diameters  of  1.6  and  3.2  pm,  and  pore 
sizes  ranging  from  5-10  nm.  Processing  details  were  recently  published  by  our  laboratory  (8)  and  are 
described  in  more  detail  in  the  supplemental  material. 


Surface  Modification  of  Silicon  Microparticles.  Silicon  microparticles  were  dried  and  then  treated 
with  piranha  solution  (1  volume  H2O2  and  2  volumes  of  H2SO4)  at  110-120  °C  for  2  hr.  Particles  were 
then  washed  and  incubated  overnight  in  IPA  containing  0.5%  (v/v)  APTES  (Sigma).  3- 
aminopropyltriethoxy silane  (APTES)  modified  microparticles  were  reacted  with  10  mM  mPEG-SCM- 
5000  (methoxy  poly-ethylene  glycol  succinimidyl  carboxymethyl;  purchased  from  Laysan  Bio  Inc.)  in 
acetonitrile  for  1.5  hr.  Microparticles  were  counted  in  a  Z2  Coulter®  Particle  Counter  and  Size 
Analyzer  (Beckman  Coulter). 

Cell  Culture.  HUVECs,  purchased  from  Lonza  Walkerville,  Inc.  (Walkersville,  Maryland),  were 
cultured  in  EBM®-2  medium  (Clonetics®,  CC-3156).  For  serum-free  experiments,  EBM®-2  medium 
(Clonetics®)  was  supplemented  with  only  hydrocortisone  and  GA-1000,  plus  0.2%  BSA.  J774 
macrophage  cells  were  purchased  from  American  Type  Culture  Collection  (Manassas,  VA).  Growth 
medium  was  Dulbecco’s  Modified  Eagle’s  Medium  containing  10%  FBS,  100  pg/ml  streptomycin  and 
100  U/ml  Penicillin  (Invitrogen;  Carlsbad,  CA). 

Confocal  Microscopy.  HUVECs,  grown  on  glass  cover  slips,  were  incubated  with  microparticles  (10 
microparticles  per  cell)  for  60  min  in  serum-free  media.  Cells  were  then  fixed  and  premeabilized  with 
0.1%  triton  x-100.  PBS  containing  1%  BSA  was  used  as  a  blocking  agent  prior  to  incubation  with  200 
nM  Alexa  Fluor  555  conjugated  Phallodin  (Invitrogen)  and  anti-tubulin  FITC  conjugated  antibody 
(Abeam  inc.,  Cambridge,  MA).  Vectashield  mounting  media  (Vector  Laboratories,  Burlingame,  CA), 
containing  either  DAPI  or  a  1000-fold  dilution  of  DRAQ5  (Biostatus  Limited,  UK),  was  used  for 
nuclear  staining.  Detection  of  silicon  microparticles  was  based  on  either  autofluorescence  using  a  633 
excitation  laser  or  modification  of  particles  with  Dylight-488  NHS  ester  (Pierce).  Images  were  acquired 
using  a  Leica  DM6000  upright  confocal  microscope  equipped  with  a  63x  oil  immersion  objective. 

Flow  Cytometry.  HUVECs  were  incubated  with  either  silicon  microparticles  (20  microparticles/cell) 
or  Fluoresbrite®  YG  Microspheres  (1:1000  ;  1  pm;  Polysciences)  in  serum-free  media,  or  as  specified, 
for  the  indicated  time  at  37°C.  For  opsonization  experiments,  microparticles  were  preincubated  with 
either  serum,  BSA  (4  g/dL  in  PBS),  or  ImmunoPure®  Human  Whole  Molecule  IgG  (500  mg/dL;  Pierce, 
Rockford,  IL)  on  ice  for  60  min.  Cells  were  then  washed  with  PBS,  harvested  by  trysinization 
(HUVEC)  or  scrapping  (J774),  and  resuspended  in  PBS  containing  1.0%  BSA  and  0.1%  sodium  azide 
(FACS  wash  buffer).  Microparticle  association  with  cells  was  determined  by  measuring  side  scatter 
using  a  Becton  Dickinson  FACSCalibur  Flow  equipped  with  a  488-nm  argon  laser  and  CellQuest 
software  (Becton  Dickinson;  San  Jose,  CA).  Comparisons  of  FITC  Dextran  (0.5  mg/ml)  internalization 
by  HUVECs  are  based  on  fluorescent  intensity  measurements  following  incubation  of  cells  with 
microparticles  at  37°C  for  1  hr. 

Expression  of  FcyRs  was  studied  on  HUVECs  before  and  after  stimulation  with  with  TNF-a  (10 
ng/ml)  and  IFN-y  (100  U/ml)  for  48  hrs.  Flow  cytometric  analysis  was  performed  on  live  cells,  which 
were  identified  by  their  lack  of  propidium  iodide  staining.  Antigen  density  calculations  were  based  on  a 
QuickCal®  calibration  curve  generated  with  Quantum™  Simply  Cellular®  anti-Mouse  IgG  (Bangs 
Laboratories,  Inc.;  Fishers,  IN).  For  inhibition  studies,  HUVECs  were  incubated  in  cytochalasin  B  (2.5, 
5.0  and  10.0  pg/ml)  for  60  min  at  37°C  prior  to  addition  of  microparticles  and  during  the  60  minute 
incubation  with  microparticles  (1:20). 

Scanning  Electron  Microscopy.  HUVEC  and  J774  cells  grown  on  5  x  7  mm  Silicon  Chip  Specimen 
Supports  (Ted  Pella,  Inc.,  Redding,  CA)  were  treated  with  microparticles  (1:20)  at  37°C  for  the  specified 


amount  of  time.  Samples  were  washed,  fixed,  dehydrated,  and  treated  hexamethyldisilazane  (Sigma). 
Specimens  were  mounted  on  SEM  stubs  (Ted  Pella,  Inc.)  using  conductive  adhesive  tape  (12mm  OD 
PELCO  Tabs,  Ted  Pella,  Inc.),  and  sputter  coated  with  a  10  nm  layer  of  gold  using  a  Plasma  Sciences 
CrC-150  Sputtering  System  (Torr  International,  Inc.).  SEM  images  were  acquired  under  high  vacuum, 
at  20.00  kV,  spot  size  3.0-5. 0,  using  a  FEI  Quanta  400  FEG  ESEM  equipped  with  an  ETD  (SE)  detector. 

Transmission  Electron  Microscopy.  Microparticles  were  introduced  at  a  cell  to  particle  ratio  of  1:20 
at  37°C  for  either  15  or  120  min.  Cells  were  then  processed  for  TEM  analysis  and  examined  in  a  JEM 
1010  Transmission  Electron  Microscope  (JOEL,  USA,  Inc.,  Peabody,  MA)  at  an  accelerating  voltage  of 
80  kV.  Digital  images  were  obtained  using  the  AMT  Imaging  System  (Advanced  Microscopy 
Techniques  Cory,  Danvers,  MA). 

RESULTS  AND  DISCUSSION 

Effect  of  Surface  Charges  on  Microparticle  Uptake.  Nanoporous  silicon  delivery  vectors  were 
fabricated  using  a  porosification  process  developed  by  Ferrari  and  colleagues  (22)  involving 
photolithography.  To  examine  the  response  of  endothelial  cells  to  silicon  microparticles,  two  sizes  of 
microparticles,  1.6  and  3.2  pm,  and  three  types  of  surface  modifications  were  explored.  All  experiments 
were  performed  with  both  sizes  of  microparticles  in  triplicate,  and  representative  experiments  are 
presented.  Silicon  microparticles  were  oxidized  with  a  piranha  solution  to  create  negatively  charged, 
hydroxylated  microparticles.  Complete  surface  oxidation  was  confirmed  by  energy  dispersive 
spectrophotometer  analysis  (data  not  shown).  Surface  modification  with  APTES  yielded  positively 
charged,  amine  modified  microparticles.  APTES  modified  microparticles  were  further  conjugated  with 
mPEG-5000  to  create  shielded  microparticles. 

Using  human  umbilical  vein  endothelial  cells  (HUVECs)  as  a  model  for  vascular  endothelium, 
scanning  electron  microscope  (SEM)  images  were  taken  of  cells  after  incubation  with  microparticles. 
After  one  hour  at  37°C,  both  positive  and  negative  microparticles  were  internalized  by  HUVECs  in 
serum-free  media  (Fig.  1A).  Surface  modification  of  silicon  microparticles  with  mPEG-5000 
suppressed  internalization  of  microparticles  (Fig.  1A). 

Serum  Opsonization  Inhibits  HUVEC 
Uptake  of  Oxidized  Silicon  Microparticles. 

Several  in  vivo  studies  suggest  that  the  pattern  of 
opsonins  adsorbed  to  the  surface  of  particulates 
determines  the  population  of  phagocytic  cells 
responsible  for  their  clearance  (23).  For  example, 
plasma  protein  adsorption  by  poly(D,L-lactic  acid) 
nanoparticles  enhances  uptake  by  monocytes, 
while  decreasing  binding  to  lymphocytes  (24). 

Leroux  et  al.  (25)  reported  that  opsonization  of 
PEG-coated  nanoparticles  by  serum  proteins 
enhanced  their  uptake  by  monocytes,  however, 
removal  of  IgG  from  the  serum  reduced  uptake  of 
PEG  particles,  indicating  that  PEG-coated  particles 
are  able  to  bind  IgG  components  in  the  serum. 

Cells  containing  internalized  microparticles 
have  an  increase  in  granularity  as  demonstrated  by 
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an  upward  shift  in  orthogonal  (90°)  laser  light  scatter  (side  scatter)  based  on  flow  cytometric  analysis. 
Using  side  scatter  as  a  metric  to  determine  the  association  of  HUVECs  with  microparticles,  the  effect  of 
serum  on  uptake  of  silicon  microparticles  was  examined.  Microparticles  were  opsonized  in  100%  fetal 
bovine  serum  for  60  min  on  ice,  followed  by  incubation  with  HUVECs  in  the  continued  presence  of  5% 
serum.  Internalization  of  oxidized  microparticles  by  HUVECs  was  strongly  inhibited  (78%),  however 
serum  opsonization  failed  to  have  an  impact  on  internalization  of  APTES  microparticles  by  HUVECs. 
Opsonization  of  PEG  modified  microparticles  lead  to  a  27%  decrease  in  uptake  by  HUVECs  (Fig.  IB). 
To  evaluate  the  generality  of  inhibition  of  uptake  of  negatively  charged  microparticles  by  endothelial 
cells  following  serum  opsonization,  negatively-charged  polystyrene  microparticles  (Fluoresbrite®  YG,  1 
pm)  were  opsonized  in  serum,  then  incubated  with  HUVECs  in  media  containing  5%  serum.  In  the 
presence  of  serum,  there  was  a  33-fold  decrease  in  uptake  of  polystyrene  microparticles,  supporting  the 
conclusion  that  serum  blockade  of  internalization  of  negatively  charged  microparticles  by  vascular 
endothelial  cells  is  a  global  phenomenon  regardless  of  the  type  of  microparticle  used  (supplemental 
data  Fig.  1). 

Surface  charge,  based  on  zeta  potential  measurements,  was  altered  for  oxidized,  APTES  and 
mPEG  modified  silicon  microparticles  following  opsonization  with  serum  (Fig.  1C).  All  opsonized 
microparticles  had  a  negative  surface  charge.  While  the  APTES  and  mPEG  microparticles  became  more 
negatively-charged,  the  oxidized  microparticles  showed  a  decrease  in  negative  charge  (+11.27  mV). 

Similar  to  endothelial  cells,  J774  mouse  macrophages  were  able  to  take  up  positive  and  negative 
silicon  microparticles  non-discriminately  in  serum-free  media  (Fig.  ID).  However,  in  the  presence  of 
serum,  J774  cells  were  responsive  to  particle  bound  opsonsins.  In  contrast  to  HUVECs,  J774  cells 
favored  uptake  of  opsonized  oxidized  microparticles. 

HUVECs  express  complement  receptors,  such  as  CR1  and  CR4  (26).  However,  the  C5a 
receptor,  found  on  spleen,  liver  and  lymphatic  vessels,  is  not  expressed  by  blood  vessel  endothelial  cells 
(27).  Selective  expression  of  complement  receptors  may  be  one  mechanism  of  targeting  subpopulations 
of  endothelial  cells.  To  determine  if  activation  of  the  complement  system  affected  uptake  of 
microparticles  by  HUVECs,  oxidized  microparticles  were  incubated  with  HUVECs  following 
opsonization  with  serum  or  heat-inactivated  serum.  Active  complement  enhanced  serum  induced 
inhibition  of  microparticle  uptake  by  13%  (p  =  0.0027)  (supplemental  data  Fig.  2).  Physiological 
levels  of  albumin  (4  g/dL),  on  the  other  hand,  had  no  significant  effect  on  internalization  of  particles 
(supplemental  data  Fig.  2),  as  has  been  previously  reported  (25). 

There  are  three  categories  of  Fc  gamma  receptors  (FcyR),  FcyRI/CD64,  FcyRII/CD32,  and 
FcyRIII/CD16.  FcyRs  are  reported  to  be  either  absent  or  expressed  at  low  levels  on  unstimulated 
endothelial  cells  (28-30).  Although  FcyRII  expression  has  been  found  to  occur  on  human  placental 
endothelial  cells,  expression  does  not  extend  into  the  umbilical  cord  (31).  To  confirm  this,  we  incubated 
HUVECs  with  antibodies  specific  for  each  category  of  FcyR.  While  HUVECs  did  not  express 
appreciable  levels  of  FcyRI  and  FcyRIII  on  their  surface,  there  was  low  but  detectable  levels  of  FcyRII 
(supplemental  data  Fig.  3).  Based  on  a  calibration  curve  generated  using  Quantum™  Simply  Cellular® 
microspheres,  HUVECs  express  approximately  10,000  FcyRII  per  cell.  J774  cells  also  failed  to  express 
FcyRI,  but  expressed  both  FcyRII  and  FcyRIII.  Due  to  minimal  expression  of  FcyRs  by  HUVECs, 
immuno  gamma  globulin  (IgG)  opsonization  of  microparticles  could  block  binding  and  internalization 
of  microparticles. 

Arvidsson  (32)  showed  rapid  (1  min)  binding  of  antibody  specific  for  High  Molecular  Weight 
Kininogen  (HMWK)  to  oxidized  silicon  immersed  in  plasma.  To  examine  the  ability  of  antibody 
opsonization  to  block  binding  of  oxidized  microparticles  to  HUVECs,  microparticles  were  opsonized 
with  ImmunoPure  Human  Whole  Molecule  IgG  at  500  mg/dL.  Uptake  of  IgG  opsonized  microparticles 


Figure  2. 

HUVECs.  Since  it  has  been  reported  that  activation 
of  endothelial  cells  by  pro-inflammatory  cytokines 
induces  surface  expression  of  FcyRs  (28), 
expression  of  FcyRs  on  HUVECs  was  examined 
following  48  hrs  treatment  with  TNF-a  (10  ng/ml) 
and  IFN-y  (100  U/ml).  Based  on  flow  cytometric 
analysis,  cytokine  stimulation  increased  surface 
expression  of  FcyRII  by  HUVECs,  with  each  cell 
expressing  approximately  35,000  receptors  per  cell 
(supplemental  data  Fig.  3).  Expression  of  FcyRII 
by  stimulated  J774  cells  was  similar  to  basal  levels, 
with  each  cell  expressing  approximately  320,000 
receptors. 

Internalization  of  serum  opsonized  silicon 
microparticles  by  HUVECs  was  enhanced  for  all 
groups  of  microparticles  following  exposure  to 
TNF-a  and  IFN-y;  however  a  clear  preference  for 
opsonized  APTES  microparticles  continued  to  exist 
(Fig.  2A).  Enhanced  expression  of  FcyRII  and 
adhesion  molecules  may  mediate  this  increased 
uptake  of  microparticles.  J774  cells  continued  to 
show  a  clear  preference  for  opsonized  oxidized 
microparticles,  which  was  significantly  enhanced 
(1 1%)  in  the  presence  of  cytokines  (p  =  0.045)  (Fig. 
2B).  Uptake  of  APTES  and  PEG  modified 
microparticles  by  J774  cells  was  not  affected  by 
exposure  to  TNF-a  and  IFN-y.  Figure  2  contains 
SEM  images  displaying  early  uptake  (15  min)  of 
serum  opsonized  APTES  and  oxidized 
microparticles  by  HUVEC  (Fig.  2C)  and  J774  (Fig. 
2D)  cells,  respectively. 


by  HUVECs  was  strongly  inhibited,  regardless  of 
whether  free  IgG  was  included  in  the  media  (76%) 
or  not  (88%)  (Fig.  IE).  This  is  in  contrast  to 
internalization  of  IgG  opsonized  microparticles  by 
J774,  which  was  enhanced  by  35%  and  47%  in  the 
absence  or  presence  of  free  IgG,  respectively  (Fig. 
IF).  Internalization  of  APTES  microparticles  by 
HUVECs  was  unaffected  by  preincubation  of 
microparticles  with  pure  IgG  (supplemental  data 
Fig.  4). 


Cytokine  Stimulation  Enhances 
Phagocytosis  of  Silicon  Microparticles  by 


Figure  3. 


Cytochalasin  B  Blocks  Uptake  of  Silicon 
Microparticles  by  HUVECs.  Both  phagocytosis 
and  macropinocytosis  are  active  processes  that 
involve  reorganization  of  the  actin  cytoskeleton 
leading  to  changes  in  the  shape  of  the  cell 
membrane  that  allow  uptake  of  large  particles  and 
extracellular  fluid.  Cytochalasin  B  dissociates 
actin-binding  protein  from  actin  filaments, 
weakening  existing  actin  filaments,  and  blocking 
actin  polymerization  (33).  Therefore  Cytochalasin 
B  blocks  uptake  of  particles  by  both  phagocytosis 
and  macropinocytosis.  To  confirm  the  involvement 
of  actin  polymerization  in  the  uptake  of  silicon 
microparticles,  HUVECs  were  pre-incubated  with 
Cytochalasin  B  (2.5  pg/ml)  for  60  min,  then 
incubated  with  both  1.6  pm  and  3.2  pm  oxidized 
microparticles  for  15-60  min  (37°C).  SEM 
analysis  at  15  min  shows  a  lack  of  pseudopodia 
engaging  microparticles  which  have  settled  on  the 
cell  surface  (Fig.  4A).  After  30  min,  the  HUVECs 
appear  to  have  initiated  actin  cup  formation,  which 
is  a  dense  actin  network  that  forms  beneath  the 
microparticles  (34),  however,  uptake  is  frustrated 
by  Cytochalasin  B,  preventing  internalization  of 
the  microparticles.  In  the  absence  of  Cytochalasin 
B,  further  actin  polymerization  would  induce 
expansion  of  the  actin  cup  which  would  completely 
surround  the  microparticle,  creating  a  phagosome. 


Characterization  of  Silicon  Microparticle  Uptake  by  HUVECs.  Since  all  opsonized  silicon 
microparticles  have  negative  surface  charges,  we  used  negatively  charged  oxidized  silicon 
microparticles  in  serum-free  media  to  evaluate  the  mechanism  by  which  HUVECs  internalize  silicon 
microparticles.  SEM  experiments  demonstrated  that  early  contact  (15  min,  37°C)  of  HUVECs  with 
microparticles  induces  formation  of  pseudopodia  that  extends  outward  to  surround  both  1.6  and  3.2  pm 
particles  (Fig.  3A).  SEM  analysis  at  30  min  provided  visual  evidence  that  HUVECs  were  actively 
engulfing  microparticles.  After  60  min,  a  large  number  of  microparticles  are  completely  internalized  by 
HUVECs  which  can  be  visualized  beneath  the  plasma  membrane.  Confocal  microscopy  images,  taken 
after  5  min  of  incubation  of  HUVECs  with  microparticles,  verify  the  formation  of  membrane  extensions 
by  HUVECs  reaching  out  to  surround  the  microparticles  (Fig.  3B).  Microparticles  are  visualized  based 
on  autofluorescence,  while  the  cell  periphery  (i.e.  actin)  is  labeled  with  Alexa  Fluor  555  conjugated 
Phalloidin.  After  120  min,  the  microparticles  were  completely  internalized.  Figure  3C  are  confocal 
projection  images  cropped  through  the  center  of  a  z-series  to  illustrate  the  cellular  location  of  the 
microparticles  over  time.  Microparticles  taken  up  at  the  cell  periphery  migrate  toward  the  cell  body  and 
are  localized  in  the  perinuclear  region  after  120 
min. 
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Figure  4. 


Confocal  images,  taken  after  60  min  of  incubation, 
support  a  lack  of  microparticle  uptake  by  HUVECs 
in  the  presence  of  Cytochalasin  B  (Fig.  4B). 

Based  on  flow  cytometric  analysis  of  side 
scatter  (Fig.  4C),  dose  dependent  inhibition  of 
microparticle  uptake  by  Cytochalasin  B  was 
evaluated.  Cytochalasin  B,  at  concentrations  of  2.5 
pg/ml  and  higher  inhibited  microparticle  uptake  by 
HUVECs  by  85-88%  (Fig.  4D). 


Effect  of  Microparticle  Size  on 
Phagocytosis/Macropinocytosis  by  HUVECs. 
Transmission  electron  microscopy  (TEM)  images 
of  HUVECs  incubated  with  microparticles  for  15 
min  further  demonstrate  formation  of  pseudopodia 
in  engulfment  and  uptake  of  both  sizes  of 
microparticles.  In  Figure  5A,  the  cell  membrane 
has  completely  surrounded  one  of  the 
microparticles  with  a  diameter  of  1.6  pm.  In  a 
separate  region  of  the  same  cell,  the  membrane  is 
engulfing  a  particle  by  what  appears  to  be 
macropinocytosis.  Macropinocytosis  results  in  the 
bulk  uptake  of  both  fluid  and  solid  cargo  (35)  and 
has  previously  been  reported  to  occur  in 
microvascular  endothelial  cells  (36).  Analysis  of 
TEM  imaging  of  the  uptake  of  the  larger  3.2  pm 
particles  by  HUVECs  is  consistent  with  classical 
phagocytosis,  with  the  hallmark  presence  of  an 


Figure  5. 
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actin  cup  holding  a  microparticle  (Fig.  5B). 

Internalization  of  fluorescein  isothiocyanate  (FITC)  dextran  (FD)  from  the  cell  media  is  used  to 
measure  fluid  uptake  by  cells  (i.e.  macropinocytosis).  Flow  cytometric  analysis  of  FD  internalization 
during  microparticle  uptake  confirmed  that  there  was  a  greater  amount  of  FD  associated  with  uptake  of 
1.6  pm  particles  compared  to  FD  uptake  with  3.2 
pm  particles,  supporting  a  greater  role  for 
macropinocytosis  in  HUVEC  uptake  of  1.6  pm 
particles  (Fig.  5C). 


Intracellular  Trafficking  of  Silicon 
Microparticles.  TEM  images  of  HUVECs 
incubated  with  1.6  pm  oxidized  silicon 
microparticles  for  2  hrs  at  37°C  show 
microparticles  located  in  the  perinuclear  region  of 
the  cell  (Fig.  6  A).  Trafficking  of  microparticles  to 
the  perinuclear  region  reflects  movement  towards 
the  minus  ends  of  microtubules  and  supports 
microtubule-based  transport  consistent  with  cargo 
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Figure  6. 


delivery  from  early  to  late  endosomes  (37).  Based  on  the  spherical  shape  and  the  presence  of  multiple 
vesicular  bodies  in  the  transport  vesicle  housing  the  1.6  pm  particle  (Fig.  6A),  it  is  likely  that  the 
phagosome  containing  the  microparticle  undergoes  a  typical  maturation  to  a  late  endosomal  state 
containing  multiple  intraluminal  vesicles.  While  some  microparticles  are  clearly  enclosed  in 
membranes,  it  is  unclear  if  other  microparticles  are  similarly  housed  within  vesicles.  As  shown  in 
Figure  6B,  the  larger  3.2  pm  particles  are  more  disperse  and  the  majority  of  microparticles  show  no 
evidence  of  membrane  enclosure. 

Slowing  et  al.  (38)  reported  that  human  cervical  cancer  cells  (HeLa)  efficiently  internalize 
mesoporous  silica  nanoparticles.  They  reported  that  the  more  negatively  charged  silica  nanoparticles 
were  able  to  escape  from  endosomes  within  6  hrs,  while  the  more  positively  charged  particles  remained 
trapped  within  endosomes.  Our  study  supports  the  lack  of  apparent  vesicular  membranes  surrounding 
the  majority  of  the  larger,  oxidized  3.2  pm  particles. 

To  further  address  the  issue  of  intracellular  location  of  microparticles,  colocalization  of 
microparticles  with  late  endosomes  or  lysosomes  was  explored  at  2  hrs  using  Lysotracker  Red  to  stain 
acidic  vesicles.  APTES  modified  microparticles  were  labeled  using  DyLight  488  NHS  ester  prior  to 
incubation  with  HUVECs.  A  large  number  of  the  smaller,  1.6  pm  particles  colocalized  with  acidic 
vesicles,  however  only  a  few  of  the  3.2  pm  particles  colocalized  with  acidic  vesicles  after  2  hrs  (Fig. 
6C).  These  data  are  consistent  with  the  lack  of  an  apparent  vesicle  membrane  surrounding  the  majority 
of  the  larger  3.2  pm  particles,  suggesting  cytoplasmic  localization. 

CONCLUSIONS 

This  research  suggests  that  vascular  targeting  of  endothelial  cells  is  enhanced  by  serum  opsonins 
that  preferentially  bind  to  positively  charged  microparticles.  In  contrast,  serum  opsonins  binding  to 
negatively  charged  microparticles  strongly  inhibit  uptake  by  endothelial  cells.  Fortunately,  professional 
phagocytes,  such  as  macrophages,  showed  a  preference  for  negatively  charged  opsonized  microparticles. 
Perhaps  opsonins  binding  to  negatively  charged  microparticles  are  reflective  of  serum  components 
which  decorate  bacteria  and  apopotic  cells,  both  of  which  have  a  net  negative  surface  charge  and  are 
targets  for  uptake  by  neutrophils  and  macrophages  (39;40).  Positively  charged  microparticle  shielding 
with  serum  components,  aka  macrophage  dys-opsonins,  resists  the  need  for  PEGylation  and  concurrent 
compromised  targeting.  Microparticle  internalization  by  endothelial  cells  is  enhanced  by  pro- 
inflammatory  cytokine  stimulation,  supporting  superior  uptake  of  positively  charged  microparticles  at 
sites  of  chronic  inflammation.  Therefore,  it  is  conceivable  to  microengineer  particles  to  attract  a  regime 
of  opsonins  that  support  preferential  targeting  of  endothelium  associated  with  pathologies  including 
coronary  artery  disease,  vasculitis,  and  cancer. 
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FIGURE  LEGENDS 

Fig.  1.  Microparticle  surface  charge  and  binding  by  serum  opsonins  directs  uptake  by  HUVECs.  (A) 
SEM  images  of  non-serum  opsonized  silicon  microparticle  internalization  by  HUVECs.  Negative 
(oxidized),  positive  (APTES),  and  mPEG-5000  modified  microparticles  were  incubated  with  HUVECs 
for  60  min  at  37°C.  (B)  Flow  cytometry  analysis  of  microparticle  (MP)  uptake  by  HUVECs  in  serum- 
free  or  serum-containing  media  (*  p  =  0.0004;  **  p  =  0.015).  (C)  Electrostatic  (zeta)  potential  of 
microparticles  before  and  after  serum  opsonization  (60  min,  4°C).  (D)  Flow  cytometry  analysis  of 
microparticle  uptake  by  J774  cells  in  serum-free  or  serum-containing  media  (*  p  =  0.03).  (E,F)  Flow 
cytometry  analysis  of  non-serum  opsonized  vs  IgG-opsonized  oxidized  microparticle  uptake  by  HUVEC 
(E)  and  J774  (F)  cells. 

Fig.  2.  Inflammatory  cytokines  stimulate  silicon  microparticle  uptake  by  HUVECs.  (A,B)  Flow 
cytometry  analysis  of  silicon  microparticle  uptake  by  HUVEC  (A)  and  J774  (B)  cells  in  the  presence  of 
2%  serum  before  and  after  cytokine  (TNF-a  and  IFN-y)  stimulation  for  48  hrs  (*  p  =  0.045).  (C,D) 

SEM  images  of  silicon  microparticle  uptake  by  HUVEC  (C)  and  J774  (D)  cells  (30  min,  37°C). 

Fig.  3.  Internalization  of  oxidized  silicon  microparticles  by  HUVECs.  (A)  SEM  images  of  HUVECs 
after  incubation  with  either  1.6  pm,  3.2  pm,  or  both  sizes  of  oxidized  silicon  microparticles  at  37°C  for 
15  min,  30,  or  60  min  in  serum-free  media.  (B,C)  Confocal  micrographs  of  HUVECs  incubated  with 
3.2  pm  oxidized  silicon  microparticles  for  5  and  120  min  at  37°C  using  Alexa  Fluor  555  Phalloidin  for 
actin  staining.  (C)  Confocal  projection  images  cropped  through  the  center  to  illustrate  microparticle 
location  in  HUVECs  over  time. 

Fig.  4.  Cytochalasin  B  blocks  microparticle  uptake  by  HUVECs.  (A)  SEM  images  of  HUVECs 
incubated  with  1.6  pm  and  3.2  pm  oxidized  silicon  particles  at  37°C  for  15  and  30  min  in  serum-free 
media  containing  2.5  pg/ml  Cytochalasin  B.  (bB  Confocal  micrographs  of  Cytochalasin  B  treated 
HUVECs  incubated  with  3.2  pm  microparticles  for  60  min  and  stained  with  FITC  conjugated  anti¬ 
tubulin  antibody  and  Alexa  Fluor  555  Phalloidin.  (C)  Flow  cytometric  analysis  showing  orthogonal  90° 
laser  light  scatter  by  HUVECs  before  (left)  and  after  incubation  with  silicon  microparticles  (right).  (D) 
Side  scatter  was  used  as  a  metric  for  HUVEC  uptake  of  microparticles  treated  with  increasing 
concentrations  of  Cytochalasin  B. 

Fig.  5.  Early  uptake  of  oxidized  silicon  microparticles  and  FITC  dextran  by  HUVECs.  TEM  analysis 
showing  HUVEC  uptake  of  either  1.6  pm  (A)  or  3.2  pm  (B)  silicon  particles  after  incubation  at  37°C  for 
15  min.  (C)  Flow  cytometric  analysis  of  FITC  dextran  internalization  by  HUVECs  incubated  for  1  hr 
with  none  (green),  1.6  pm  (red)  or  3.2  pm  (purple)  silicon  particles.  The  solid  blue  peak  represents 
HUVECs  incubated  in  media  without  FITC  dextran. 

Fig.  6.  Trafficking  of  oxidized  silicon  microparticles  in  HUVECs.  HUVECs  were  incubated  with 
oxidized  silicon  microparticles  for  120  min  at  37°C.  (A,B)  TEM  images  of  cells  with  internalized  1.6 
pm  (A)  or  3.2  pm  (B)  particles.  (C)  Confocal  micrographs  of  HUVECs  containing  internalized  DyLight 
488  labeled  silicon  microparticles.  Acidic  vesicles  were  stained  with  Lysotracker  Red  and  nuclei  were 
stained  with  4',6-diamidino-2-phenylindole  (DAPI). 


